Temperature-induced barium de-trapping from a double-well potential in BaeGe25 
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The crystal structure of barium-germanium clathrate BaeGe25 was studied using neutron powder 
diffraction in the temperature range 20-300K. The compound was found to be cubic (S.G. P4i23) 
in the entire temperature range. However, the fully-ordered model of the crystal structure (no 
split sites) is marginal at room temperature, and clearly fails at low temperature. A much better 
description of the crystal structure below 250K is given in terms of two split Ba sites, with random 
occupancies, for two out of three types of cages present in the BaeGe25 structure. The Ba atoms 
were found to interact strongly with the Ge host. The separation of the split Ba sites grows with 
decreasing temperature, with a sudden increase on cooling through the 200-250K temperature range, 
accompanied by an expansion of the entire crystal structure. We propose a simple model for this 
transition, based on temperature-induced de- trapping of Ba from a deep double-well potential. 
This transition is associated with sizeable anomalies in the transport and magnetic properties. The 
most significant of these effects, that is, the drop in electrical conductivity on cooling, can be 
easily explained within our model through the enhanced structural disorder, which would affect the 
relaxation time for all portions of the Fermi surface. We suggest that the other anomalies (increase 
in the absolute value of the negative Seebeck coefficient, decrease in the magnetic susceptibility) 
can be explained within the framework of the one-electron semi- classical model, without any need 
to invoke exotic electron-electron interaction mechanisms. 



I. INTRODUCTION 



There is growing interest in open-structure semicon- 
ducting materials that are considered promising candi- 
dates for thermoelectric applications. These compounds 
are characterized by low and often glass-like thermal con- 
ductivity k, high electric conductivity a and large See- 
beck coefficient S. In particular, a significant research 
effort has focused on group III and IV clathrates, with 
heavy alkali metal, alkaline earth or rare earth guests. 
The group III and IV elements form a network of cages, 
in which a large atom is hosted. Usually, the guest atom 
is weakly bonded to the cagei and the sizes of cages are 
large enough for the atom to rattle. The semiconducting 
host can be doped to provide suitable electronic prop- 
erties while the heavy guest atom can significantly lower 
the thermal conductivity of the material, due to resonant 
scattering of the heat carrying phonons 2 *^, thereby in- 
creasing the thermoelectric figure of merit Z = S 2 a/n. 
These materials are a realization of the "phonon glass, 
electron crystal" (PGEC) model proposed by Slack£. 

The best-known materials of this class, such as (Ba, 
Sr, Eu)gGai6Ge3o, adopt the so-called type-I clahtrate 
structure, which is also common to a variety of gas 
hydrates 2 *^, and contains highly symmetric dodecahe- 
dral and tetrakaidecahedral cages^i BaeGe25 is also a 
member of the clathrate family, but its crystal structure 
and its behaviour are unusual. BagGe25 crystallizes in 



the cubic P 4i 3 2 space group with a lattice parameter 
a = 14.54536(7) A and Z = 4. Barium occupies three 
non-equivalent crystallographic positions in the BagGe25 
unit cell2i2iiS. Ba(l) (8 equivalent sites per unit cell) 
is contained in distorted dodecahedral cages, sharing the 
pentagonal faces with each other and forms a spiral struc- 
ture across the unit cell. However, Ba(2) (4 per unit cell) 
and Ba(3) (12 per unit cell) are hosted in channel-like 
structures that are interconnected throughout the unit 
cell— i^LIiL. Another unusual structural feature is the fact 
that 32 out of 100 Ge atoms in each unit cell are three- 
coordinated, and accommodate a lone electror&2iiS. The 
transport and magnetic properties of BagGe25 are also 
unusual. Unlike (Ba, Sr, Eu)sGai6Ge3o, which can 
be prepared in both semiconducting and metallic form 
by slightly altering the Ga/Ge ratio, BagGe25 is an 
n-type metal, with a fairly high carrier concentration 
(n ~1- 2T0 22 cm~ 3 ), and a good room-temperature elec- 
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trical conductivity (~ 2000S1 cm" 
temperature Seebeck coefficient (-20 /xV/K) is also con- 
sistent with metallic rather than semiconducting prop- 
erties. Upon cooling below 240 K, Ba 6 Ge25 undergoes 
a transition, affecting the electrical conductivity (which 
decreases by almost a factor of 4), the Seebeck coeffi- 
cient (which is negative and increases in absolute value) 
and the magnetic susceptibility x, (which becomes more 
diamagnetic)^ 1 . At low temperatures, Ba 6 Ge25 is still 
a metal, as clearly indicated by the linear temperature 
dependence of the specific heat and Seebeck coefficient, 
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and by the high carrier density, as determined by Hall 
effect measurementsiS*ii. Moreover, a superconducting 
transition has been discovered below 1 K*&. 

This intriguing behaviour is clearly very difficult to 
understand with the naive Sommerfeld approach. In the 
free-electron modeli^, a , S and the electronic (Pauli) 
component of the magnetic susceptibility \e are propor- 
tional to n, n ± 2/3 and n + 1/3, respectively, er is 
also proportional to the relaxation time r, whereas the 
other two quantities are independent of r. Qualitatively, 
one may conclude from the sign of the anomalies that 
a sharp reduction of the carrier concentration is occur- 
ring on cooling below the transition. However, recent 
Hall effect and specific heat measurements by Paschen et 
alM^l indicate that this is not the case. In fact, if the 
Hall measurements are interpreted in the simple single- 
band model, the drop in conductivity is almost entirely 
accounted for by a simultaneous drop in carrier mobil- 
ity (which is proportional to r). The interest in this 
compound has been further heightened by a report of a 
structural transition at the same temperature where the 
transport and magnetic anomalies occur. Although the 
crystallographic data are still unpublished, they are dis- 
cussed in the aforementioned work by Paschen et a/Jl 
and used by Zerec et alM> to calculate the electronic 
band structure of , BaeGe25. The structural anomaly 
is not accompanied by a symmetry reduction. It is due 
to a strong increase of the Ba site disorder on cooling, 
and is consistent with the Ba atoms 'locking in' to two 
well-separated positions (split sites) at low temperatures. 
Paschen et al. speculate that the unusual transport and 
magnetic properties of BagGe25 may arise from the for- 
mation of spinlcss bipolarons, whereby two carriers with 
opposite spins would dynamically stabilize a pair of Ba 
atoms separated by a short nearest-neighbour distance. 
Clearly, such a scenario may have important implications 
for understanding superconductivity in this system. 

In this paper, we present detailed temperature de- 
pendent measurements of the BagGe25 clathrate crys- 
tal structure, as determined from Rietveld refinements 
of neutron powder diffraction data in the temperature 
range 20- 300K. The scattering contrast of Ge and Ba 
for neutrons (bs a =3.86 fm; bGe=8.18 fm) is reversed 
with respect to x-rays (Zbo=56; Z<3e=32), providing a 
unique perspective not only on the large barium displace- 
ments, but also on the smaller displacements of the ger- 
manium framework. We conclude that, at low tempera- 
tures, Ba(2) and Ba(3) are trapped in a deep double-well 
potential, and that dynamic displacement coupled with 
electron hopping is very unlikely to occur. The trap- 
ping of barium atoms results in a dramatic structural 
rearrangement, which is bound to have a profound in- 
fluence to the electronic states near the Fermi energy, 
especially those associated with narrow bands with pre- 
dominant Ba character. Under these circumstances, the 
free- electron interpretation of the transport and mag- 
netic properties clearly breaks down. However, we find 
that the single-electron (band) picture in the semi- clas- 



sical approximation is most likely sufficient to describe 
this system, without any need to invoke exotic electron- 
electron interaction mechanisms. 



II. EXPERIMENTAL 

Polycrystalline BagGe25 was prepared from elemental 
barium (99.2% purity, from Alfa Aesar) and germanium 
(99.999% purity, from Alfa Aesar) mixed together in the 
molar ratio of 1.15 : 4. Excess Ba was added to com- 
pensate for its evaporation from the reaction vessel. The 
mixture was placed in a closed graphite crucible, which 
was sealed in an evacuated silica ampoule. The reactants 
were slowly heated up to 1353K over a period of lOh and 
kept at this temperature for 8h. Then the sample was 
cooled down to room temperature over a period of lOh. 
The resulting sinter was black with brown tarnish layer 
on the surface. The brown impurity was washed away 
using methanol in an ultrasonic cleaner. The material 
was found to contain traces of graphite from the reac- 
tion crucible, as well as small traces of an unidentified 
phase. Neutron diffraction patterns were collected using 
the General Materials Diffractometer (GEM) at Ruther- 
ford Appleton Laboratory. The sample for the scattering 
experiment was enclosed in a vanadium can and attached 
to a closed cycle helium refrigerator. The measurements 
were carried out in the temperature range of 20-300K 
with 10K increments. At every temperature, data was 
acquired for lh at 175 /iA of proton beam current. The 
Rietveld analysis of the diffraction patterns was carried 
out using the GSAS package^. The crystal structure was 
visualized using ORTEP-3 programil. 



III. STRUCTURE PROPERTIES 

BagGe25 was found to be cubic (space group P 4i 
3 2) in the entire temperature range, with no trace 
of additional Bragg peaks at low temperatures. Pre- 
liminary Rietveld refinements were carried out using a 
model derived from room temperature x-ray single crys- 
tal experiments 8,9 '—. In this paper we follow the atom 
labelling scheme of Kim et alML. 

Fig. 1 shows the a lattice parameter of BagGe25 as a 
function of temperature. The lattice parameter increases 
with increasing temperature, but exhibits an anomaly 
in the 200-240K temperature range which indicates the 
phase transition in BagGe25, as reported by Paschen 
et aZiii. The overall lattice expansion of Ba@Ge25 is 
Aa = 0.018A (Aa/fl « 0.1%) in the 20-300K temper- 
ature range. It should also be noted that the lattice 
parameter contraction associated with the anomaly is 
very small (0.004A). In our data the contraction hap- 
pens smoothly over a 40 K range. This smooth cross- 
over is also reflected in our measurements of resistivity 
(see inset in Fig. 1) and contrasts with the sharp cross- 
over reported by Paschen et ali^. These authors report 
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a transition with first-order character, accompanied by 
hysteresis. 

The atomic displacement parameters (ADP's) of Ba(2) 
and Ba(3) at room temperature were found to be large 
and anisotropic as previously reportec&AP . A refinement 
of the low temperature patterns produced even larger 
displacements, increasing with decreasing temperature. 
This behaviour clearly indicated that the room tempera- 
ture model is not adequate for the low temperature struc- 
ture. The Ba(2) and Ba(3) sites were examined using 
difference Fourier maps. The maps present the differ- 
ence between the experimental data and the model with 
an empty Ba site. The results for 20K, 200K, 240K and 
300K are presented in Fig. 2. The low temperature nu- 
clear density distribution maps (20K) clearly show the 
tendency of Ba(2) and Ba(3) atoms to move away from 
the site centre. This effect is especially pronounced in 
the case of the Ba(3) site. The site separation increases 
with decreasing temperature. Inspection of the maps 
shows that the splitting of the Ba(2) site virtually dis- 
appears above 240K but the Ba(3) site still shows signs 
of the site separation up to 300K. Multiple rattler sites 
were observed in Sr and Eu bearing type-I clathrates 
(X 8 Gai 6 Ge3o) but not in the Ba isomorp h 2 i 3 i 4 i 7 . This 
effect was accommodated in the current model by split- 
ting the Ba(2) and Ba(3) sites along the direction of the 
largest thermal displacement at all temperatures. The 
symmetry of the Ba sites was reduced as follows: Ba(2) 
4a — » 8c; Ba(3) 12b — > 24e. The split Ba site occupancies 
were reduced to 0.5 to maintain the overall stoichiometry. 
Using this model the refinement produced sensible ther- 
mal displacement of Ba atoms. At room temperature, 
the two models are almost equivalent, but, for consis- 
tency, we chose to carry out all the refinements using the 
split-site model. Sets of refined atomic coordinates and 
Debye- Waller factors at 20K and 300K are presented in 
Tables 1-2. An example of a refined pattern is shown in 
Fig. 3. 



IV. BOND GEOMETRY 

As the BaeGe25 crystal structure is complex, its anal- 
ysis becomes easier by focusing on the Ge framework and 
on its individual building blocks (cages), bearing in mind 
that the cages share faces with each other and changes 
to a single Ge-Ge bond length affects all the cages. As 
already mentioned, the case of Ba 6 Ge25 is unusual as the 
movement of Ba atoms also affects the Ge framework. 



A. Ge framework 

All Ge-Ge bonds in the BagGe25 structure are longer 
than in the elemental Ge (2.45A). The Ge(l)-Ge(5) 
(equal to 2.48A and 2.54A) and Ge(4)-Ge(4)=2.47A (the 
latter belongs to Ba(3) cage discussed below) distances 
are constant with temperature and are the shortest in 



the Ge network. All other Ge-Ge bonds with the excep- 
tion of Ge(2)-Ge(3) and Ge(l)-Ge(6) monotonically in- 
crease with temperature within the range 2.535-2.615A 
as expected from thermal expansion. The Ge(2)-Ge(3) 
and Ge(l)-Ge(6) bond lengths are presented in Fig. 4 as 
functions of temperature. These bonds are almost con- 
stant below 100K and above 250K and change between 
100K and 250K, with maximum derivative in the 200- 
240K temperature range, corresponding to the magnetic 
and transport anomalies^. The transition also leads to 
small (less than one degree) changes in Ge-Ge-Ge angles 
associated with three-coordinated germaniums. 



B. Ba(l) cage 

The local environment of Ba(l) is presented in Fig. 5. 
Ba(l) is contained in a distorted dodecahedral cage with 
a 3-fold symmetry axis. Ba(l) cages share the pentagonal 
faces with other Ba(l) and Ba(3) cages and form a spiral 
structure in the crystal. Ba(l) together with Ge(4) and 
Ge(6) are located on the 3-fold axis, which is also the di- 
rection of their largest thermal displacement. The Ba(l)- 
Ba(l) nearest neighbour distance increases with temper- 
ature from 5.43A at 20K to 5.46A at 300K and does 
not show any signs of transition. The shortest Ba(l)- 
Ge(2)^ 3.5A and Ba(l)-Ge(5)« 3.4A bonds are constant 
with temperature and the Ba(l)-Ge(l) shortest distance 
increase with temperature from 3.42A at 20K to 3.46A 
at 300K. These are the shortest Ba(l)-Ge bonds in the 
Ba(l) cage. Their value suggests that Ge(l), Ge(2) and 
Ge(5) are at contact distance from Ba(l). The environ- 
ment of Ba(l) seems to be the same as in the type-I 
clathrates (the lengths are the same as calculated for 
BasGai6Ge3o cages)i. The remaining Ba(l)-Ge bonds 
change with temperature within the range 3.470-3.935A. 

The reduction of Ge(2)-Ge(3) distance described above 
leads to a step like reduction of the Ba(l)-Ge(3) and 
Ba(l)-Ge(4) distances, as shown in Fig. 6. The increase 
of the Ge(l)-Ge(6) bond causes the Ge(6) atom to move 
away from Ba(l) (see Fig. 6). However, the Ba(l)-Ge(6) 
increase is greater than Ba(l)-Ge(4) decrease so the en- 
tire Ba(l) cage expands along 3-fold axis by 0.03A over 
the 20-300K temperature range. The length of the Ba(l) 
cage along the 3-fold axis is presented in Fig. 7 as a func- 
tion of temperature. 



C. Ba(2) cage 

The Ge(3) and Ge(6) atoms form a pseudo-cubic envi- 
ronment of Ba(2) presented in Fig. 5. Ge(6) and Ba(2) 
lie on the 3-fold axis of the unit cell and triplets of Ge(3) 
atoms on both sides of Ba(2) form equilateral triangles 
rotated almost 60° with respect to each other. Each 
Ba(2) cage is connected to six Ba(3) cages and together 
form channels in the crystal structure. It should be noted 
that only one of the split Ba sites is occupied at a time. 
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On average, each of the wells is occupied with 50% prob- 
ability. From our data, no long-range correlation be- 
tween occupied sites can be detected, since no superlat- 
tice Bragg reflections are observed at low temperatures. 
However, the possibility of short-range ordering, leading, 
for example, to the formation of clusters of Ba 2+ ions, 
could not be ruled out. This aspect is currently being 
investigated by means of diffraction techniques that are 
sensitive to the local structure. 

The distance between the split Ba(2) sites is presented 
in Fig. 8 as a function of temperature. The separation of 
Ba atoms is constant up to 100K then starts to decrease 
and rapidly falls in the 200-250K range. This sudden 
decrease in the Ba(2)-Ba(2) site distance coincides with 
the kink in the lattice parameter (see Fig. 1). The shape 
of this curve closely follows the shape of the BagGe25 re- 
sistivity curve of Paschen et a/ii. At room temperature 
the split Ba(2) sites remain separated by 0.4A. 

The Ba(2)-Ge(3) bonds, marked with solid lines in 
Fig. 5, are constant up to 200K (~3.3lA) and increase to 
3.34A in the 200- 250K temperature range. The almost 
constant value of the distance suggests a bonding of the 
three-coordinated Ge(3) with Ba(2) or a close contact of 
both atoms. These lengths are characteristic for Ba-Ge 
bonds observed in other Ba-Ge intermetallic o 18 i 19 ' 20,21,22 . 
The Ba(2)-Ge(6) distance is too large (> 3.6A) for Ge(6) 
to form a bond with Ba(2). The length of the Ba(2) cage 
along the 3-fold axis is presented in Fig. 7 as a function of 
temperature. Its size decreases by ~ 0.06A at the phase 
transition. 



gests close contact of Ba and Ge atoms. 

As indicated above the split site model yields accept- 
able temperature dependence of Ba thermal parameters, 
see Table 2. The thermal displacement of Ba(2) and 
Ba(3) is the largest among all atoms and their temper- 
ature dependence shows signs of the transition. This is 
most likely due to contraction of the Ge host in the 200- 
240K temperature range, which constricts the thermal 
movement of the rattlers. Also Ge(6) exhibits a substan- 
tial but constant thermal displacement along the 3-fold 
axis. This 3-coordinated Ge atom exhibits large ther- 
mal displacement because of the geometry of the lattice. 
Ge(6) is coordinated to three Ge(l) atoms but large dis- 
tance to Ba(l) and Ba(2) along the 3-fold axis (see dis- 
cussion above) allow it to move freely. 

E. Concluding remarks 

The introduction of the split sites in Ba(2) and Ba(3) 
cages leads to a minimum Ba(2)-Ba(3) distance. The 
shortest distance between Ba(2) and Ba(3) is presented 
in Fig. 11 as a function of temperature. The Ba(2)- 
Ba(3) closest distance is of the same order as in the el- 
emental Ba (4. 35 A). It seems that Ba atoms can inter- 
act with each other, which is consistent with theoretical 
predictions 1 . 



V. DISCUSSION AND CONCLUSIONS 



D. Ba(3) cage 

The Ba(3) atom is contained in a heavily distorted do- 
decahedral cage presented in Fig. 9. This cage is the 
largest in the Ba 6 Ge25 structure and has 2- fold symme- 
try with the rotation axis bisecting the Ge(l)-Ge(l) and 
Ge(4)-Ge(4) bonds. As in the case of Ba(2) cage, only 
one of the split Ba sites is occupied ; the distance be- 
tween the split sites is shown in Fig. 8 as a function of 
temperature. The Ba(3) site separation exhibits similar 
behaviour to the Ba(2) site in the same temperature re- 
gion. However the room temperature separation distance 
is equal to 0.56A. Fig. 10 shows the Ba(2) site separation 
as a function of the Ba(3) site separation. The displace- 
ment amplitudes of Ba atoms in both cages are clearly 
correlated. However, the straight line fitted to the data 
does not cross the origin of the plot. Its negative offset 
indicates that Ba(3) atom can still be displaced from the 
cage centre while Ba(2) atom remains in the centre of its 
cage. This is consistent with the Fourier maps presented 
in Fig. 2. 

The shortest Ba(3)-Ge distances are again formed by 
three coordinated Ge(3) and Ge(6) atoms. The Ba(3)- 
Ge(3)« 3.3A and Ba(3)-Ge(6)« 3.43A distances are con- 
stant. The remaining Ba(3)-Ge bonds are greater than 
3.45A and vary with temperature. Once again, this sug- 



The results of the previous sections can be summarised 
as follows: we have observed clear changes in both lat- 
tice and internal structural parameters, associated with 
the well-known anomalies in the transport and magnetic 
properties of BagGe25. The most remarkable structural 
change is the displacement of Ba(2) and Ba(3) away from 
their high-symmetry site, thereby forming a two-fold split 
site occupied in a random way with 50% probability. This 
splitting may already be present at room temperature, 
but is greatly enhanced on cooling, with a sudden in- 
crease through the transition. We have also evidenced 
significant changes in the Ge framework at the transi- 
tion. Interestingly, the most significant framework dis- 
tortions affect the position of Ge(3) and Gc(6) (through 
the Ge(2)-Ge(3) and Ge(l)-Ge(6) bond lengths and as- 
sociated bond angles). Ge(3) and Ge(6) are both 3- 
coordinated and both form close-contact distances with 
Ba(2) and Ba(3). Based on this scenario, we will at- 
tempt to relate the observed structural changes to the 
known anomalies in the transport and magnetic proper- 
ties; in particular, we will focus on three main questions: 
1) What is the driving force for the Ba-site splitting on 
cooling? 2) What is the likely effect of this distortion on 
the electronic structure, and is this sufficient to explain 
the observed anomalies? 3) Is there any need to go be- 
yond the one-electron approximation? Question number 
3 is particularly relevant in the light of the spinless bipo- 
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laron mechanism proposed by Paschen et al. 11 to explain 
the drop in magnetic susceptibility, and of the observa- 
tion of superconductivity in this system below 1 K 12 . 

A. Mechanism of the structural transition 

The simplest mechanism for explaining the ob- 
served behaviour of the Ba(2) and Ba(3) sites is that 
of temperature-induced de-trapping from a symmetric 
double- well potential; this is a purely 'geometrical' effect, 
which would take place within a rigid framework and, in 
its simplest form, does not depend on the conduction 
electrons. In this case, the close-contact interaction be- 
tween Ba and the 3-fold-coordinated Ge atomes (Ge(3) 
and Ge(6) would provide both the attractive and the re- 
pulsive components of the potential. A quartic poten- 
tial bounded on both sides by infinite walls provides the 
simplest implementation of this model (Fig. 12), which 
can be solved numerically in both classic and quantum 
cases. Qualitatively, the physics of this model is easy to 
understand and is in agreement with the observations: 
at low temperatures, Ba(2) and Ba(3) are statistically 
trapped in one of the two wells of a symmetric double- 
well potential. On warming, the atoms explore the avail- 
able levels within each well, but remain confined until 
their energy becomes comparable with that of the cen- 
tral maximum. When the thermal energy becomes com- 
parable to the barrier height, the atoms are 'de-trapped', 
and become free to jump between wells and to occupy 
the central position with finite probability. Quantita- 
tively, the quartic potential model is able to explain only 
about 30% of the change in Ba-Ba split distances, but 
larger changes can be obtained by using more realistic 
potentials 23 . Irrespectively of the details of the potential, 
the main drawback of this model is that it only produces 
smooth crossovers through the de-trapping temperature, 
and is therefore unable to describe a first-order transi- 
tion as observed by Paschen et ali^. However, we have 
clearly shown that the Ge framework distorts in a sig- 
nificant way through the transition, and it is conceivable 
that the Ba- Ge interaction could modify the character 
of the transition. In spite of these difficulties, we are per- 
suaded that the key to understand the structural transi- 
tion is the formation of symmetric double-well potential 
at the Ba(2) and Ba(3) sites. The role of frustration in 
preventing a collective structural distortion also deserves 
to be investigated. 



B. Consequence of the structural transition on the 
electronic structure 

At low temperature the Ba(2) and Ba(3) ions are dis- 
placed; however, no superlattice peaks are evident there- 
fore the displaced sites must be occupied in a random, 
or short-range ordered, fashion. We would like to ex- 
amine the possible effect of this on the electronic and 



transport properties. We have shown that structural 
changes occur for both the Ba sites and the Ge frame- 
work, strongly suggesting that the disorder will result in 
increased scattering for bands with both Ba and Ge pre- 
dominant character. This observation, by itself, is suffi- 
cient to explain the drop of carrier mobility on cooling, 
which would be a consequence of the reduced mean free 
path for the conduction electrons. However, the observa- 
tion of anomalies in both the Seebeck coefficient and the 
magnetic susceptibility clearly indicate that changes in 
the electronic structure at the Fermi surface are taking 
place through the transition. If we abandon the naive 
free-electron model and write S and Xe hi the semiclas- 
sical one-electron modeli 3 . we obtain: 

a - 3 I e ) B dE \E F , 

XPauii = n 2 B g{Ep) 

where a(E) — e 2 T(E)g(E)^v(E) 2 is the generalised con- 
ductivity, t{E) is the relaxation time, g{E) is the den- 
sity of states (DOS) and v(E) is the electron velocity 
(which we considered isotropic for simplicity; all terms 
are formally energy-dependent). The observations are 
consistent with an overall reduction of the DOS and 
an increased asymmetry of the generalised conductivity 
through the Fermi surface. Clearly, we would not ex- 
pect the broad and relatively featureless bands originat- 
ing from the Ge framework to display such behaviour. 
However, recent band structure calculations by Zerec et 
aliU have identified the presence of narrow bands with 
predominant Ba character, which cross the Fermi surface 
for the undistorted model and are significantly affected 
by off-site Ba displacement. These band need not con- 
tribute greatly to either the overall conductivity or the 
carrier density, as speculated by Zerec et ali^, as long 
as one still assumes that enhanced disorder is the main 
driving force for the resistive anomaly. In summary, the 
observed changes in transport and magnetic properties 
can be explained by a reduced relaxation time at low 
temperatures and a change in the Ba-related bands at 
the Fermi surface, both effects being consistent with the 
observed structural behaviour. 



C. The spinless bipolaron scenario 

Based on the previous considerations, there seems to 
be no need for additional mechanisms involving strong 
electron-electron correlation, as proposed by Paschen 
et aZiii. In particular, in the temperature-induced de- 
trapping scenario, Ba displacement would occur sponta- 
neously, without the need to be associated with a single 
or a pair of localised electrons. This is not to say that po- 
laron physics is not relevant for this material, since there 
is clearly strong coupling between the lattice and the con- 
duction electrons. However, low-temperature electronic 
transport associated with 'jumps' of Ba atoms between 
different wells, as proposed by Paschen et ali^, is highly 
unlikely. This can be shown in a simple manner by esti- 
mating the Ba tunneling rate, T — roe~ 2A , where e~ x 
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is the overlap between wavefvmctions in the double well, 
Tq is a typical phonon frequency and A ~ ^^J 2r ^Y° — ■ 
Here, Vo is the barrier height and m is the mass of the 
tunnelling atom. By setting V = 20 meV (i.e., of the 
order of the transition temperature), To = 5 x 10 12 sec -1 
and m = 137m p we get A = 14.5, T — 0.2 sec -1 . In other 
words, the tunnelling rate is macroscopically slow, as ex- 
pected for heavy atoms such as barium. Therefore, we 
believe that the low-temperature disorder is essentially 
static, and cannot be associated with electron hopping. 
On this point, we make a final consideration: multi-well 
sites in type-I clathratcs were previously associated with 
glass-like thermal conductivity^iiiii, through a tunnel- 
like mechanism. The observation of a crystal-like ther- 
mal conductivity in Ba 6 Ge25, which displays multi-well 
Ba sites, calls for this proposal to be re-examined. More- 
over, one should seriously question whether the tun- 
nelling rates for these heavy-atom systems are sufficiently 
fast to affect low-temperature heat and electronic trans- 
port. 

D. Conclusions 

We have determined the crystal structure of the 
BaeGe25 clathrate as a function of temperature between 
20 and 300K by neutron powder diffraction data. Al- 
though the structure was found to be cubic (space group 
P 4i 3 2)at all temperatures, the fully-ordered structural 
model 8 ' 9 ' 10 fails to describe the data, particularly at low 
temperatures. Much better fits are obtained by mod- 
elling the nuclear density for two out of the three bar- 
ium positions (Ba(2) and Ba(3)) with statistically occu- 
pied split sites. BagGe25 was found to undergo a signif- 
icant structural rearrangement around 240K. Although 
the main effect at the transition is an increase of the dis- 
tance between split Ba sites on cooling, we have observed 
significant changes in some of the Ge-Ge bond lengths 
and angles, indicating strong interactions between the Ba 



atoms and the Ge framework. The observed structural 
behaviour can be explained in a simple way by assuming 
that Ba(2) and Ba(3) are trapped, at low temperatures, 
within a deep double-well potential, from which they es- 
cape when their thermal energy becomes comparable to 
the barrier height. From our data, the transition appears 
to be continuous, but the character of the transition is 
likely to be sample-dependent; other dataii suggest a 
first-order character, which would require a significant 
involvement of the Ge framework in the de-trapping pro- 
cess. As far as transport and magnetic properties are 
concerned, the main consequence of the transition is the 
enhanced structural disorder on cooling, which is likely 
to affect significantly all parts of the Fermi surface. This 
mechanism provides a natural explanation for the drop in 
electrical conductivity through the transition. The other 
transport and magnetic anomalies (increase in the abso- 
lute value of the negative Seebeck coefficient, decrease 
in the magnetic susceptibility) can be explained within 
the framework of the one-electron semi- classical model, 
by assuming that Ba contributes with narrow bands at 
the Fermi surface, as confirmed by recent band struc- 
ture calculations 15 . Electron-phonon interaction is likely 
to be strong in BagGe25, which may explain the obser- 
vation of superconductivity below 1 K 12 . However, we 
argue that Ba-site disorder is probably static at low tem- 
peratures, suggesting that polaron hopping involving Ba 
inter- well jumps is unlikely to contribute to the electrical 
or thermal conductivity. 
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VII. FIGURE CAPTIONS 

Fig. 1 The cubic lattice parameter of BagGe25 as 
a function of temperature. The error bars mark the 
standard deviation obtained from refinement. The in- 
set shows the specific resistivity of BaeGe25 as a function 
of temperature. 

Fig. 2 Nuclear density at the Ba(2) and Ba(3) sites 
for Ba 6 Ge 25 at 20K, 200K, 240K and 300K in differ- 
ence Fourier maps determined from powder diffraction. 
The maps present the difference between the experimen- 
tal data and the model with an empty Ba site. The size 
of all maps is 5 x 5A 2 . 

Fig. 3 An example of a refined Ba@Ge25 diffraction 
pattern from the 63° bank. The figure shows the observed 
intensities (circles), calculated pattern and the difference 
curve (solid lines). The top and bottom rows of tick 
marks indicate the positions of graphite and clathrate 
Bragg reflections respectively. The strongest line of the 



unidentified impurity is visible at 3. 25 A of d-spacing. 

Fig. 4 The Ge(l)-Ge(6) and Ge(2)-Ge(3) bond lengths 
in BaeGe25 as a function of temperature. The lines are 
guide for eye. 

Fig. 5 Local environments of Ba(l) and Ba(2) sites in 
BaeGe 2 5 at 20K derived from Rietveld refinement. The 
Ba(l) resides inside of the distorted dodecahedral cage 
(Ba atom not shown). The cage has got 3-fold symmetry 
with the Ge(4), Ge(6) and Ba(l) lying on the rotation 
axis. The environment of Ba(2) shows both split Ba(2) 
sites, however only one is occupied at a time. Ba(2) and 
Ge(6) are located on the 3-fold axis of the unit cell. In 
the case of Ba(2) site the lines mark the shortest Ba(2)- 
Ge(3) bonds. 

Fig. 6 The Ba(l)-Ge(3), Ba(l)-Ge(4) and Ba(l)-Gc(6) 
distances in BagGe25 as functions of temperature. The 
lines are guide for eye. 

Fig. 7 The length of the Ba(l) and Ba(2) cages along 
the 3-fold axis in Ba@Ge25 as a function of temperature. 
The lines are guide for eye. 

Fig. 8 The Ba(2)-Ba(2) and Ba(3)-Ba(3) split site dis- 
tance in Ba 6 Ge25 as a function of temperature. The error 
bars represent the standard deviation obtained from re- 
finement. The lines are guide for eye. 

Fig. 9 Local environment of Ba(3) site in Ba 6 Ge25 at 
20K derived from Rietveld refinement. Ba(2) atoms from 
neighbouring cages are also shown. This cage has 2-fold 
symmetry, the rotation axis intercepts the Ge(l)-Ge(l) 
and Ge(4)-Ge(4) bonds in the middle. Only one Ba(3) 
site is occupied at a time. 

Fig. 10 The Ba(2)-Ba(2) split site distance as a func- 
tion of Ba(3)-Ba(3) split site distance in Ba 6 Ge 2 5. The 
solid line is a linear fit as discussed in the text. 

Fig. 11 The Ba(2)-Ba(3) shortest distance in BaeGe25 
as a function of temperature. The line is a guide for eye. 

Fig. 12 The quatric double well potential used to 
demonstrate thermal de-trapping of barium atoms in 
double-site cages. The potential is bound on both sides 
by infinite walls, Vb denotes the height of potential bar- 
rier. 
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TABLE I: Refined lattice constant and fractional coordinates 
of atoms in Ba 6 Ge 25 at 20K and 300K. S.G. P^SZ. Ba(l) 8c 
(x,x,x); Ba(2) 8c (x,x,x); Ba(3) 24e (x,y,z); Ge(l) 24e (x,y,z); 
Ge(2) 12d (y,y+l/4,l/8); Ge(3) 24e (x,y,z); Ge(4) 8c (x,x,x); 
Ge(5) 24e (x,y,z); Ge(6) 8c (x,x,x). 







20 K 




300 K 




Atom 


X 


y z 


X 


y 


z 


Ba(l) 


0.0642(4) 


0.0642(4) 0.0642(4) 


0.0618(3) 


0.0618(3) 


0.0618(3) 


Ba(2) 


0.3606(6) 


0.3606(6) 0.3606(6) 


0.3670(8) 


0.3670(8) 


0.3670(8) 


Ba(3) 


0.1867(6) 


0.4418(7) 0.1539(5) 


0.1893(6) 


0.4404(7) 


0.1443(5) 


Ge(l) 


1.0005(2) 


0.2974(1) 0.0428(2) 


0.9988(2) 


0.2970(1) 


0.0419(1) 


Ge(2) 


0.8320(2) 


0.0820(2) 1/8 


0.8307(1) 


0.0807(1) 


1/8 


Ge(3) 


0.8534(2) 


0.9142(2) 0.0836(2) 


0.8520(1) 


0.9153(2) 


0.0834(2) 


Ge(4) 


0.9240(2) 


0.9240(2) 0.9240(2) 


0.9240(2) 


0.9240(2) 


0.9240(2) 


Ge(5) 


0.1270(2) 


0.2588(2) 0.9350(2) 


0.1264(2) 


0.2597(2) 


0.9345(2) 


Ge(6) 


0.2169(2) 


0.2169(2) 0.2169(2) 


0.2181(2) 


0.2181(2) 


0.2181(2) 




a [A] 


R-ujp Rp 


a [A] 


Ru?p 


Rp 




14.52828(8) 


0.0651 0.0641 


14.54536(7) 


0.0524 


0.0508 



TABLE II: Refined thermal parameters of atoms in Ba6Ge25 
at 20K and 300K in [A 2 ]. Ba(2) and Ba(3) thermal factors 
were refined using an isotropic model (U; so =Uii). 



T [K] Atom lOOUu 


IOOU22 


IOOU33 


IOOU12 


IOOU13 


IOOU23 


20 Ba(l) 


1.0(1) 


1.0(1) 


1.0(1) 


1.3(2) 


1.3(2) 


1.3(2) 


20 Ba(2) 


2.5(4) 


2.5 


2.5 


0.0 


0.0 


0.0 


20 Ba(3) 


1.8(2) 


1.8 


1.8 


0.0 


0.0 


0.0 


20 Ge(l) 


-0.2(1) 


0.2(2) 


1.7(2) 


-0.4(1) 


0.5(1) 


-0.5(1) 


20 Ge(2) 


2.1(2) 


2.1(2) 


3.3(3) 


1.0(3) 


1.0(2) 


-1.0(2) 


20 Ge(3) 


-1.4(1) 


1.9(2) 


1.0(1) 


-0.4(1) 


-0.1(1) 


0.7(1) 


20 Ge(4) 


0.0(1) 


0.0(1) 


0.0(1) 


0.3(1) 


0.3(1) 


0.3(1) 


20 Ge(5) 


-0.2(1) 


-0.2(2) 


1.1(2) 


-0.2(1) 


0.1(1) 


0.6(1) 


20 Ge(6) 


2.5(2) 


2.5(2) 


2.5(2) 


0.5(2) 


-0.5(2) 


-0.5(2) 


300 Ba(l) 


1.3(1) 


1.3(1) 


1.3(1) 


0.9(2) 


0.9(2) 


0.9(2) 


300 Ba(2) 


3.3(4) 


3.3 


3.3 


0.0 


0.0 


0.0 


300 Ba(3) 


2.2(2) 


2.2 


2.2 


0.0 


0.0 


0.0 


300 Ge(l) 


-0.1(1) 


1.3(2) 


1.3(1) 


0.4(1) 


0.3(1) 


-0.1(1) 


300 Ge(2) 


1.0(1) 


1.0(1) 


1.0(2) 


0.7(2) 


0.1(1) 


-0.1(1) 


300 Ge(3) 


0.3(1) 


0.7(1) 


1.7(1) 


-0.5(1) 0.31(9) 


o.i(i) 


300 Ge(4) 


0.73(9) 


0.73(9) 0.73(9) 


0.0(1) 


0.0(1) 


0.0(1) 


300 Ge(5) 


0.7(1) 


0.5(1) 


1.2(1) 


-0.10(9) 


-0.1(1) 


0.4(1) 


300 Ge(6) 


2.6(1) 


2.6(1) 


2.6(1) 


0.4(1) 


-0.4(1) 


-0.4(1) 




Figure 1, M. Schmidt, Phys. Rev. B 
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Figure 2, M. Schmidt, Phys. Rev. B 




Figure 3, M. Schmidt, Phys. Rev. B 




Figure 4, M. Schmidt, Phys. Rev. B 
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Figure 6, M. Schmidt, Phys. Rev. B 
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Figure 7, M. Schmidt, Phys. Rev. B 
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Figure 9, M. Schmidt, Phys. Rev. B 
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Figure 10, M. Schmidt, Phys. Rev. B 
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